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ABSTRACT

PATMOUR, HAYNE ITI, KRIEGEL, W. WURTH, and McBRAYER, R. DOUGLAS, Research on
Growth and Deformation of Single Crystal Spinel (North Carolina State College).

The first phases of a continuing program of research on _growth and defor-
mati ocesses in magnesium-—aluminate spiEQZ”are described. Spinel forming

reactions, structure,and properties of spinel, synthesis of spinel-feed materials
(including a study of the effects of irradiation on spinel formation), techniques
and apparatus for crystal growth with Verneuil oxyhydrogen,and R F plasma.
devices, and the effect of atmosphere on precipitation hardening of alumina-rich
spinel have been studied. The repoii’ixcludes a summary of structural and

ghysical properties of MgAlEOh spinel.
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I. INTRODUCTION

The mineral spinel derives its name from the Latin spina (thorn, prickle)
because of a characteristic growth habit in naturally occurring deposits in the
form of octahedral crystals having hard sharp points. Magnesium aluminate has
long been known: to the ancients as a gem mineral, to generations of mineralo-
gists and geologists as a significant mineral, to metallurgists and ceramists
as 2 highly stable mixed oxide refractory, and to a modern generation of ce-
ranists, vhysicists and electronic engineers as the "model"” for the spinel
structure, the prototype for megnetically and/or electrically active ceramics
of the £Bo0y type. In spite of long and intensive study of spinel-structured
materials, MghloO) has been littlie used as a structural ceramic material.

VWhen compared with its two parent oxides, MgO and A1p03, it is guite apparent
that it has been tco little used because it is too little understood. Further,
it seems apvarent that one of the vrimary reasons has been the lack of single
crystals of good quality in contrast to periclase and sapphire. In the figur-
ative sense, spinel has lived up to its thorny, prickly name by resisting
efforts toc synthesize it in well-characterized stoichiometric single crystal
form. Without such crystals, the development of detailed knowledge of its
structure and properties commensurate with its potential importance as a
useful material in both single crystal and polycrystal forms has long been
inhibited.

Single crystals having the spinel structure have been produced commercial-
ly for many years by the same Verneuil flame-fusion technique employed in
sapphire production and have found use primarily as gem stones and as jewel
bearings. But the available crystals, being both non-stoichiometric (alumina-
rich) and impure (generally containing colorant oxides), have not been con-
sidered suitable for research purposes so that relatively little reliable
property data have become available, particularly in the area of mechanical
behavior. Dislocation configurations and orientations, while predicted on
theoretical grounds, and deduced in part from indentation hardness experiments
and the like, still lack experimental confirmation and, indeed, suitable etch
pit techniques are only now being developed to aid in the characterization of
dislocation distributions.

This report reviews the accomplishments- and the remaining problems- of
the first eighteen months of work on a research program concerned with the
closely related (and interrelated) processes of crystal growth and crystal
deformation in spinel.

The cobjectives of the research herein reported have been:
To conduct theoretical and experimental investigations of

growth and deformation processes in magnesium aluminate spinel
in pure and alloyed single crystal forms.

Menuscript released for publication as an ASD Technicael Documentary Report
January 1963.




To evolve methods for growing single crystals of magnesium
aluminate spinel of high purity in essentially stoichoimetric pro-
portions, as well as those having controlled levels of alloying
cations and/or non-stoichiometry, and to determine the parameters
governing the methods employed.

To determine the relationships existing during mechanical
deformation between the purity and structural states (i.e., of
the "perfect" lattice and of the crystalline defects) of such
crystals and (a) the states of stress and strain, (b) the rates
and duration (and/or cyclic character) of loading (c) the tempera-
ture, (&) atmospheric enviromment, and (e) surface conditioning.
Both macro- and micro-scale testing will be employed, as best suits
the nature of the problem.

To seek a better understanding and if possible, experimental
confirmations of mechanisms capable of permitting (or of pre-
cluding) room temperature plastic deformation in single crystal
spinel when subjected to externally applied stresses which are
insufficient to induce failure by fracture.

Work has proceeded along several different avenues, ranging from very practi-
cal matters of developing and bringing together suitable materials, apparatus,
and process technology in the prosecution of an actusl research program in
crystal growth, through fundemental considerations of the role of defects of
various classes in the reaction kinetics of spinel formation, in crystal growth,
and in deformation processes. The main sections of this report contain pertinent
technical findings, interpretations of results whenever justifiable, and se-
lections of most fruitful directions for a continuing program of research. The
Appendix contains a selection of useful and detailed information relating to
spinel, including its properties, preparation, and analysis, as well as sup-
porting information on procedures and equipment employed in the research program.




II. SPINEL FORMING REACTIONS

According to Anderson (19R2) materials with the spinel structure were synthe-
sized as early as 1850. Experimentally, many workers have shown that spinel is
initially formed according to the equation

at ‘temperatures above:=r900°C on the surface of contact between the respective
oxides. Wagner (1936) suggested that further growth occurs by diffusion of
cations A** and B*** in opposite directions through the spinel layer and that the
oxygen ions are practically jmmobile. Wagner's concept was predicated on two
observations: (1) X-ray studies showed the oxygen ions in spinel form a well-
ordered face-centered cubic lattice whereas the cations are distributed somevhat
irregularly through the lattice (Barth and Posnjak, 1932 and Machatschi, 1932)
and (2) the reacting cations have considerably smaller ionic radii than the oxy-
gen ions, e.g., Evans (1952) reports Goldschmidt's ionic radii values ng+* =
0.78A, rp*** = 0.57A and r == = 1.32A.

Fisher and Hoffman (1954) reported an experiment vherein cylinders of
FeAl,0p and A1203 were placed into contact for 50 to 100 hours at 1500°C. They
observed a contraction of the AlpO3 cylinder in the diffusion zone which they
believe gives evidence that the A1*** cations diffuse faster than the Fett
cations. Linder et al. (1955, 1956) by means of marker studies concluded that
ZnFes0), ZnCr2Oh,_ﬁiE§éOu and Zn,Sn0), form by the Vagner mechanism and that
ZnAl50), and NiAlp0) were formed by diffusion of the AYt cations and O-- ionms
through the aluminate. In contrast, Carter (1961) showed by means of inert
markers that the formation of MgAloOl from A1203 and MgO in a hydrogen atmos-
phere at 1900°C followed the Wagner mechanism, i.e., counter diffusion of AlL***

and Mg*‘ through the reaction area.

Fuerstenau, Fulrath and Pask (1961, 1962) reacted single crystals of MgO
and Alp03 in air at 1560°C for 250 hours by placing polished faces together. The
spinel formed at the interface consisted of three distinct sublayers: a thin
sublayer of spinel next to the MgO formed from the original MgO crystal, a center
sublayer vhich formed from the sapphire, and a lower sublayer of sapphire showing
strain. The thickness of the spinel formed from the MgO was only about one-tenth
of the thickness of that formed from the sapphire, indicating that the magnesium
ions may diffuse much more rapidly in A150; than aluminum ions diffuse through
MgO. They also reported an epitaxial growgh relationship between the sapphire
and the spjnel grown from the sapphire, with the (111) [lld] of spinel and the
(ooo1) ﬁlOlCﬂ of a-A1203 being congruent. In an oxidizing atmosphere, A1203




and MgO react to form spinel at the area of contact between the two, thus per-
mitting only bulk diffusion to occur. Carter has shovn this is also true of
MgO and Fep03 in an oxidizing atmosphere.

Navias (1961) and Carter have both demonstrated that in the temperature
range of 1500 - 1900°C in a hydrogen atmosphere the formation of spinel is by
a solid-gas reaction, that probably Mgl is transferred as the gaseous element,
and that the rate of reaction is a function of temperature. In later experi-
ments Navias (1962) showed that a reduction in hydrogen pressure (at 1800°C)
caused only a minor reduction in the rate of spinel formation. A substitution
of argon for hydrogen greatly reduced the spinel formation and resulted in an
erratic distribution of reaction sites. Tn vacuum (0.1 to & x 10-% mm Hg) thin
but uniform coatings of spinel were formed on sapphire exposed to the evacuated
furnace surroundings, while on samples totally enclosed in periclase containers
the coatings were substantially thicker and in two instances approached equal
thicknesses to those obtained in hydrogen atmosphere.

Fuerstenau et al. in their spinel formation studies between single crystals
of sapphire and MgO in an air atmosphere found that both mechanisms of transport
of g0 across the spinel interface occurred when there was misfit between the
two original crystals, i.e., where the twn were in contact spinel was formed by
the diffusion mechanism and where contact was not made, spinel grew from the
Vapor and after contact was made the spinel formation continued by the dif-
fusion mechanism. Under the conditions of these experiments the vapor mecha-
nism has the slower growth rate.

From the foregoing discussion five significant facts are quite apparent:
(1) MgAls0) spinel can be readily formed at elevated temperatures from its
constituent oxides, MgO and Al,0,, (2) the specific mechanism of spinel for-
mation takes place by counterdifPusion of the cationic species through the
spinel reaction zone, (3) the relative rates of diffusion have not been unem-
‘biguously determined and therefore the rate determining cation hus not been
clearly established, (4) the atmospheric environment has a profound effect upon
the overall rate of spinel formation, and (5) in non-oxidizing environments,
the overall reaction is modified and accelerated by (a) vapor transport
processes which in effect increase the concentration of the reacting constitu-
ents and (b) enhanced mobilities within the solid phases due to excess
vacancies.

Active interest in these matters during the present research has been con-
centrated in three areas. Since it has been necessary to produce in some
quantity spinel feed materials of controlled stoichiometry, small particle size,
and a reasonably high degree of purity, first emphasis has been placed on the
utilization and control of spinel-forming reactions. This work is the subject
of Section IV, "SYNTHESIS OF SPINFI, FEED MATERIALS." The inherent role of




defects in spinel forming reactions as well as in growth and deformation
processes in crystalline spinel has stimilated an investigation of the role of
fugitive defects, e.g., vacancies, in such processes. These results are
described end discussed in Section V, "EFFECT OF RAW MATERIAL IRRADIATION ON
SPINEL FORMATTION." Finally, there has been a continuing, overall interest in

the kinetics and thermodynamics relating to spinel, its raw materials, and its
analogous compounds.




ITI. STRUCTURE AND PROPERTIES OF MAGNESIUM ALUMINATE SPINEL

Structure of Spinel

Ideal Structure. The ideal structure of spinel is one of a face centered
cubic close packing of oxygen ions with metal ions in the interstices. The unit
cell- of spinel consists of 32 oxygen ions with 32 octahedral (B) sites, 16 of
vhich are filled with aluminum ions and 64 tetrahedral (A) sites, eight of which
are filled with magnesium ions. This idealized structure of spinel is shown
projected on the (111) plane in Figure 1(a) and on the(11C) plane in Figure 1(b).
Using Hornstra's (1960) notation the height, 7', of the ions above the plane is
expressed in multiples of 1/2k a  ¥3 (aglattice constant) in order to obbain
whole numbers. In Figure 1(a2) Hornstra chose the zero point of height as lying
in a layer of cations at the octahedral (B) sites, so that these ions and the

oxygen ions would be at even heights with the tetrahedral ions (A-sites) lying
at odd heights.

At 2'= 4 only three-fourths of all the octahedral positions are filled with
none of the tetrahedral sites at Z' = 3 and 5 being occupied. The layer structure
of the cations at Z' = L has been denoted as a kagome layer by Iidea (1957).

Figure 1(a) shows the arrangement of these ions into hexagons and triangles.
Between the oxygen layers at Z' = 6 and Z' = 10, cations of both kinds are found.
Although these cations are at three different heights and do not actually form a
layer, this composite layer is called a mixed cation layer. Between the close
packed oxygen layers in a €111» direction alternate kagome layers and mixed
layers are found. '

The tetrahedral ions at Z'= 7 and 2' = 1 which are nearest to a kagome
layer (2'= L4) occupy sites above and below the empty sites which lie in the
centers of the hexagons of the kagome layer. In Figure l(a) the projections of

the cations at 2'= 8 and 2' = 9 coincide with the centers of the triangles of
the kagome layer at 2! = l. »

A projection of the idealized spinel structure on the (110) plane is shown
in Pigure 1(b). 1In this projection the layer at X' = I is a repeat of the layer
of X' = Q. '

In Figure 1(a) and (b) it can be seen that every oxygen ion in the spinel
lattice is surrounded by three aluminum ions at octahedral sites and one magnesi-
um ion in a tetrahedral site. This arrangement satisfies the conditions of
Pauling's rule -- that the valency of an anion is equal to the sum of the valen-
cies of the cations surrounding it divided by their respective coordination
numbers.




v [ (b)

Figure 1. Projections of the idealized spinel lattice on the (111)

and (110) planes (after Hornstra, 1960). (a) Projection
on (111): the height z' is given in mltiples of 1/2,
ap J3; oxygen ions at x!' = 2 and x' = 10 are omitted.
(b) Projection on (110): the length x* is given in
miltiples of 1/3 &, J2. Ions are drawn in thick lines
when x' and z'! are even numbers and in thin lines when
they are odd. The mmerals at the left side of (v)
correspond with those in the ions of (a) and those at
the left of (a) with those in the ions of (b).
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To assist in studies involving crystal structure and crystal orientations,
three-dimensional atomic models have been prepared using wooden balls of ap-
propriate sizes on vertical wires held in plastic bases.

Figures 2 and 3 illustrate a model of the unit cell of stoichiometric spinel
containing eight molecules, i.e., Mg8A1160 5’ constructed with an expanded (2x)
lattice for improved visibility. 3

The cubic symmetry (cube axes parallel to model axes) is quite apparent in
Figure 2 vhere the view is along [100] . 1In Figure 3, the view is along [110].
The largest balls represent oxygen ions, the smallest represent the aluminum ions,
and the medium sized ones represent the magnesium ions. Although the unit cell
model contains all elements of the structure, neither the repeat symmetries of
cation configurations nor the (111) planes of special interest in both growth and
deformation processes can be visualized easily from such a simple_model. _—
Therefore a larger model whose orthogonal axes are the [111] , [110] and [112] has
been constructed, and is illustrated in Figures 4 and 5. Additional details on
the formal structure designation of spinel may be found in the Appendix A.

fetual Structure. The actual arrangement of the ions in magnesium aluminate
deviates slightly from that of the idealized structure. Bacon (1952) used a
neutron-difiraction technique to demonstrate that the cation arrangement of poly-
erystalline spinel corresmonded closely with the idealized structure, but the
oxygen parameter, u, was C.337 rather than the 0.375 of the idealized close-packed
oxygen lattice. This increase in the oxygen parameter corresponded to a net
movenent of the oxygen ions from their nearest tetrahedral interstice. A con-
sideration of the ionic radii of the ions demonstrated the necessity of the
interstice being enlarged for the magnesium ion to "fit."

By Fourier analysis Jagodzinski and Saalfeld (1958) found that the structure
of a natural spinel was approximately the same as that reported by Bacon, but
there were a considerable number of faults present. Stoichiometric synthetic
spinel single crystals only approximated the normal spinel structure with a large
number of faults being present.

Brun, et al. (1960), using measurements of the paramagnetic nuclear reso-
nance of éfﬁl, determined that the octahedral sites of natural spinels were almost
exclusively occupied by aluminum ions. However, the results from synthetic
stoichiometric spinels indicated that the magnesium and aluminum ions were in a

highly disordered distribution on the tetrahedral and octahedral sites.

mhis system of model construction was adapted from one devised by Dr. Pol
Duvez, California Ingtitute of Technology, Pasadensa, California. In these
varticular models, 1A = 0.548 in., i.e., oxygen, with an ionic diameter of
2.6LhA, is represented by a wooden sphere 1.5 in. in diameter.




Figure 2. Model of spinel unit cell viewed along [100].
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Figure 5. Spinel crystal model showing intersections of {111} planes.
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Furthermofe, if a natural spinel crystal was heated at 800—900°C, it became
disordered and could not be reordered.

Dislocations in the Idesl Structure. Hornstra (1960) predicted a dislocation
model for spinel which later was verified by transmission electron microscopy
(Hornstra 1562). This model involves the passage of {112 quarter-partial dislo-
cations along the {111} slip plenes with total Burgers vectors being in €110)»
direcsic-s. Since the oxygen icns Tit so well in the intermediate positions
during the passage of a dislocaticn in the slip plane there are certain regions
vhere thev occupy these wrong positions. These regions of stacking faults are
bounéed by either two partial dislocations or a partial dislocation and the
perfect lattice. Therefore, & total dislocation in & (111) slip plane mey consist
o four <1i2» partial dislocations and three stacking faults with a total Burgers

vector of [11C].

Twinning. The spinel structure is well known for its {llJ} twins, the so-
called swninel twins. Macroscopically, twinning may be described as reflection
with respect to a (111) plene or as a rotation around {11171 vy 60° or 180°, or
even 2s o rotation of 180° about a <112> axis (Hornstra, 1960). Microscopically
the nirror plane may be a glide plane and the twin axis need not coincide with a
three fold axis. A close relaticn exists between stacking faults and twins, as
stacking faults may often be considered as extremely thin twin lamellae.

Mumina-rich Spinel. As previously pointed out, Jagodzinski and Saalfeld
(19587*determined that synthetic spinels showed deviations from the normal
structure. They also found that the greater the amount of alumina present, the
greater the deviation. Their technique showed that the excess vacancies, created
by the introduction of alumina, occurred at the sites of the aluminum ions.
Jagodzinski and Saalfeld also determined that the nonstoichiometric spinel
crystals, as well as the stoichiometric spinels, did not strictly obey the syrme-
try rules of the space group Fd 3m (OK). The interpretation given was that the

spinel crystals were actually composed of twinned crystallites of lower symmetry.

Solid Solutions in the MgO-A1203 System

Tn the original phase equilibria studies of the system MgO-A1203, Rankin and
Merwin (1916) reported that MgAlsCy, formed a nearly complete series Of solid
solutions with a-Al,0,. Roy, et al. (1953) essentially reconfirmed the earlier
Tindirg but by hydrothérmal means delineated the low temperature (down to 700°¢)
1imits of solubility. They also reported the mexirmm solid solution as 86 mol %
A1203 (9L wt. %) which was in reasonable agreement with Clark, et al. (1934).

Rankin and Merwin showed no sclid solution existing between MgO and MgAlsOy .
Recently fiper, et al. (1962) revorted periclase solid solution with a maximum of
187% 203 (5.5% E1+¥+ ) and e maxirmum solid solution of 11% MgO (6% Mg++ ) in
MgAlo0), They showed a slight, although important modification of the liguicdus.
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Rankin and Merwin also revorted that"p—A1203” did not form solid solutions
with MgAlp(O) but a limited solubility of MgAlp0) was formed in the " F-A1203.”
"...under identical conditions of melting and cooling sometimes the solid solution
wild be formed, sometimes, the MgO-A1203 along with p-A1203." Beevers and Ross
(1937) found the so-called " f-alumina" to be not a form of alumina but a compound
having a molal ratio of Al203:Na20 (or Kéo) of 11:1. Thus it could well be that
Rankin and Merwin were working with contaminated materials.

In an earlier section mention was made that Fuerstenau, et al. (1961) in
their solid state reactions of MgO and AlpO3 found a sublayer of sapphire showing
strain which was attributed to a probable supersaturation of magnesium ions in
the sapphire. In high temperature doping of sapphire with NiO, Palmour and
Kriegel (1961) showed (with the assistance of a microprobe analysis carried out
at California Institute of Technology?) a measurable diffusion of NiO into the
sapphire nast the spinel-sanphire interface. The plot followed a normal diffusion
gradient within this region, and correlations were established between this gradi-
ent and the microindentation behavior. Tt would seem reasonable that a similar
"alloying" of sapphire would oceur with Mg0, particularly in view of the fact that
the ionic radii are reported to be the same, i.e., 0.78A.

Exsolution in Nonstoichiometric Spinel

Mechanism of Exsolution. Rinne (1928) noticed upon heat treatment at 800°C
for five hours that the alumina-rich (A1203:Mg0 = 3.5:1) spinel crystals showed s
clouding effect. Through further experimentation Rinne learned that no appreci-
able optical effect could be detected with tempering up to 1050°C for thirty
minutes, but with longer times the crystal became slightly opaque. This opacity
increased and after fourteen hours of heating, what Rinne interpreted as colloidal
particles appeared. By optical techniques Rinne determined that the {311} plane
was the precipitation plane for the colloidal particles. Upon further hest
treatment it was noted that the colloidal particles converted to a-alumina with
the (0001) plane of q-alumina and the (111) plane of spinel coinciding. The
formation of a-alumina led Rinne +to believe that the colloidal particles which
first appeared were +y-alumina.

Saalfeld and Jagodzinski (1957) confirmed Rinne's observation of the two
precipitating planes and of the final precipitate ( a-A150 ), but their findings
disagreed with Rinne's as to the intermediate precipitate.” In Saalfeld and
Jagodzinski's detailed study of the exsolution of alumina from spinel they listed

2Personal commnication, Dr. Pol Duwez, 1960.
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the three states of exsolution as:
1. The state of pre-exsolution.

5. The formation of a monoclinic
- intermediate structure.

3, Final exsolution of a-alumina.

The state of pre-exsolution, after rapid cooling from growth temperature,
exists in all synthetic crystals with molar ratios of A1203 to MgO of 1:1 to L:l
and was detected by the diffuse diffraction pattern of the spinel crystal. These
diffuse diffraction patterns were caused by short-range ordering effects which
represent noticeable deviations from the normal spinel structure. One important
observation was the presence of the same type of lattice defects in stoichiometric
spinel (MgO-AlQO ) as was noted in the alumina-rich spinels. Vhether this was due
to local inhomogéneities in the crystal or whether it was due to temperature
scattering was not established.

In spinel crystals with molar ratios of M50, to MgO of 1.7:1 the pre-
exsolution state remains regardless of the temperéture or time at temperature.
¥ith a molar ratio above 1.7:1 but below 2.5:1 no intermediate phase was detected,
but exsolution of a-A1203 still took place.

The intermediate structure first began to form around 800°C in the 2.5:1 to
k:1 spinels. Between 800 to 9000C several interpenetrating lamellae began to
appear. In 5:1 to T:1 spinels these lamellae existed even in untempered spinel
boules. After being heated to around 1000°C the intermediate structure was
completely developed.

The exsolution of a-alumina took place in crystals heated above 1000°C for
long times and above 1200°C for very short times. Exsolution on the surface took
place at defect sites, ylelding crystallites which were not specifically oriented,
while within the crystal, a-alumina platelets formed along the traces of the
lamellae of the intermediate structure, with their basal planes coinciding with
the {lll} spinel planes. Vhen the spinel- a-alumina mixture was heated above
1300°C, the alumina began to go back into solution.

Jagodzinski (1957) determined by a Fourier analysis that the structure was a
monoclinically distorted cubic packing of the oxygen ions with a large number of
octahedral interstices occupied. The molecular formula was given as Mg Alrg0)0
which corresponds to an Mg0:Al,0, molecular ratio of 1:13. However, Jagodzinski
was quick to point out the many 3ifficulties involved in, and assumptions
necessary for, the structural analysis.
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Effect of Exsolution on Mechanical Properties. Eppler (1943) investigated
the effect of tempering on the erosion (sand-blasting) hardness of Mg0-3.5 Alp0
spinel and found that the hardening increased to a maximum after twelve hours &
1,000°C and then decreased back to the normal value. This maximum hardness was
reached faster as the temperature was increased. Eppler's measurements were
made on large crystals and no consideration was given to the possible anisotropy
of spinel. '

Mangin and Forestier (1956) studied the effect of the variation of time and
. temperature on the hardening of single crystal spinel (Mg0-3.65 Al150,). The
effect was detected (on a constant, but unspecified orientation) by Knoop micro-
hardness with a load of 1,000 grams. Mangin and Forestier observed an increase
in hardness from about 1120 at room temperature to a maximum of 1320 Knoop
hardness decreasing with increasing temperature. It was noted that the hardening
was accompanied by an oriented precipitate which was not a-alumina. Alumina was
. detected above 1050°C and did not appear to be associated with the hardening
phenomena..

Properties of Spinel

The physical and chemical properties of magnesium aluminate spinel are best
known from the polycrystalline material and have been recently reviewed by
Ryshkewitch (1960). Rigby (1953) has discussed the structural chemistry and
physical properties of the broad family of spinel-structured materials. An
unpublished thesis by Anderson (1952) specifically treats the preparation and
properties of sintered magnesium aluminate spinel. Palmour, et al. (1962 a, b),
working with hot pressed MgAlgou, have reported room temperature transverse
strength of about 34,000 psi in four point loading for fine grained dense materi-
al, almost twice as high as Ryshkewitch's value and almost three times higher
than Anderson's. All three reports agree on a Young's modulus value of about
34 x 10° psi at room temperature.

As previously mentioned, there are only limited data in the literature on
physical properties of spinel single crystals. The detailed paper by Rinne (1928)
is still one of the major sources of informatidn on the growth and properties of
non-stoichiometric spinel crystals. More recently, Wickersheim and Lefever (1960)
have described optical absorption spectra of spinel single crystals. Appendix A
includes a summary of property data of interest in this study, as obtained by
various investigators from both polyerystalline and single crystal materials.
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IV. SYNTHESIS OF SPINEL FEED MATERTALS

The stoichiometry and purity of spinel feed materials are major factors in
determining the quality of single crystals being grown from them. The physical
character of the feed material also is important in establishing control of the
growth operation. Consequently, detailed studies are underway of spinel-forming
reactions capable of producing uniform feed materials of high purity, prede-
termined stoichiometric ratios, and controlled particie (and/or agglomerate) size.

Mechanicelly Mixed Oxides

A batch of Linde's sapphire boule powder and Phillip Carey basic magnesium
carbonate celculated to yield a 1:1 mole ratio of Mg0:Al504 was prepared. This
batch of extremely light and fluffy material was then dry-élended in a twin-shell
blender. After blending, the mixture was placed in a large covered alumina
crucible and fired to 1150°C for 2 hours. After calcination, the product was
X-rayed and found to contain nothing but spinel. The product was fairly friable,
but did contain some rather tough agglomerates. It was necessary to screen these
agglomerates out before the material could be used as feed material.

This material appeared to feed adequately, but successful growth has not been
obtained with it. Whether this is due entirely to the higher melting point of the
stoichiometric material or partially due to the nature of the feed material has
not been clearly determined.

Stoichiometric feed materizl was also prepared by ball milling Phillip Carey
basic megnesium carbonate and Alcca A-1l alumina in 1:1 mole ratio in distilled
water in a2 high-alumina mill using alumina balls. Afber milling, the material
vas dried and then calcined at 1450°C for 1 1/2 hours. After calcination the
material was remilled for 1 1/2 hours. This material did not prove to be a
satisfactory feed material as it "packed" in the track of the Syntron bowl under
the influence of vibratory motion.

Coprecipitated Hydroxides

As a vreliminary step to the preparation of stoichiometric spinel feed
materials, several intermediate coprecipitates were prepared in small quantities
(A2100g) by using different magnesia to alumina mole ratios ranging from 1:1.1 to
1:3.5. TFor this purpose, solutions of reagent grade hexahydrated aluminum chloride
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and hexahydrated magnesium chloride in the desired ratios were prepared in 95%
ethyl alcohol (Stocker and Collongues, 1957). Upon addition of ammonical 95%
ethyl alcohol to such solutions, aluminum hydroxide and magnesium hydroxide were
co-precipitated. The reaction was carried out in a polypropylene container to
minimize silica contamination, and with vigorous agitation to insure uniformity
of product. After filtering and drying, the combined hydroxides of aluminum
and magnesium were calcined for 2 hours at temperatures over the 700°-1140°¢
range in covered high alumina or spinel crucibles, yielding friable white
powders. X-ray analyses and preliminary studies of performance during crystal
growth suggest that 790°C is near-optimum calcining temperature.

Pilot Production

On the basis of these experiments, the coprecipitation technique now is
being scaled up for production of pilot quantities of spinel feed materials,
i.e., lots yielding 500 to 1000 grams of calcined spinel. Precipitation from
alcohol, while quite reliable and controllable, does present some hazards and
difficulties since during the drying of a large batch several gallons of alcohol
must slowly be removed from the gelatinous coprecipitate. An alternative pro-
cedure involving coprecipation from aqueous solution in conjunction with spray
drying prior to calcination has been successfully carried out, and is being
developed for pilot production.

Investigations of the synthesis of spinel feed materials have been closely
associated with two supporting research activities, each making a significant
contribution toward the goals expressed here, and each technically complex
enough to warrant detailed discussion of the problems involved as well as the
progress mede in solving them. These activities are described in APPENDIX B,
Analytical Procedures for Determination of Mg++ and A1***+ in Spinel, and
APPENDIX C, Slip Casting Large Alumina and Spinel Crucibles.
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V. EFFECT OF RAW MATERTAI IRRADIATION ON SPINEL FORMATION

Theoretical Considerations

The formetion of spinel from MgO and Al,0; has long been recognized as a
solid state process. Only recently has it been established that the essential
mechanism is that of counter diffusion of the two cation species through an
essentially close-packed oxygen lattice. The possible role of irradiation-
induced vacancies and other defects in altering the rates of reaction in spinel
formation was suggested by earlier experiments of Choi, McBrayer and Palmour
(1961) in which irradiation induced defects modified the micromechanical defor-
metion behavior of sapphire, apparently by means of altered mobilities of slip
and twinning dislocations.

In considering low-level irradiation damege in sapphire or in spinel the
cation vacancies and/or interstitials produced bring about only an incremental
increase (or rearrangement) in the already large population of cation vacancies
present in the structure. In contrast, it may be reasoned that any enion vacan-
ies produced by irradiation would effect a substantial change in the population
of such defects in the close-packed oxygen framework. If anion and cation
vacaencies are produced in reasonably equivelent numbers by irradiation then the
energy storage due to irradiation demage within such materials seems most likely
to be concentrated in the excess anion defects rather than in some additional
scrambling of the cationms. Thus irradiation may be considered as & means of
achieving a virtual oxygen deficient state at room temperature, and without
side reactions as is frequently the case with chemical reduction at elevated
temperatures. Because of the importance attached to the state of oxidation
(see Section II, Spinel Forming Reactions) and the problems associated with
stoichiometry in spinel, experiments with such irradiated materials are con-
sidered particularly pertinent not only to the matter of developing controlled
methods of producing spinel feed materials but to a better understanding of the
mechanisms involved in the spinel forming process. When it is considered that
alumina and magnesia sustain detectable damage at relatively low dosages
(2!1015 nvt), that the radiocactive species have very short half-lives,permitting
safe handling after a reasonable "cool-off" period, and that the irreversible
formation of spinel is easily followed by various experimental techniques, spinel
appears to provide a uniquely favorable system for investigating the mechanisms of
interest.

3The essential chemical similarity between anion vacancies and stable cation
interstitials permits both cases to be treated in this discussion as oxygen vacan-
cies. It is recognized that the physical configuratiors and energy states are not
totally equivalent.
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Experimental Procedure

Alcoa A-14 alumina and basic magnesium ca.rbona:l:el‘L (B.M.C.) were separately
irradiated in a heterogeneous reactor for 10 hours at 10KW (& 5.4 x 101° rast
neutrons/cmg) and were allowed to "cool off" to a level of negligible radio-
activity. (attributable only to trace impurities of radiocactive Na and Fe).

From the irradiated and comparable unirradiated materials four batches were mixed
in 1:1 stoichiometric ratio and milled in acetone for 12 hours in an alumina ball
mill. '

Batch No. Alumina  Basic Mégnesium'Carﬁonate
1 irradiated , irradiated
2 irradiated unirradiated
3 - unirradiated‘ .. irradiated
R . unirredisted unirradiated

After evaporation of the acetone, the dry material was accurately weighed
(=~ l-gran samples) into covered, high-purity alumina crucibles, and each of the
four batches was calcined according to a statistical design involving nine firing
temperatures over a range from 700-1500°C and three soak times over a range from
22-163 minutes, (a total of 27 test points for each batch). All firings were
made in a Kanthal-Super kiln (MoSi, elements). The specimens were heated at an
essentially constant rate to. the soak temperature,. and were withdrawn and air-
quenched at the end of the soak period. : '

The calcined samples were x-rayed with a Norelco diffractometer on slow scar
(1°/min.) with a scintillation counter adjusted for minimum background, using
MoK, radiation (50 Kv, 18 ma). A weighing technique was employed to determine
the integrated intensities of the (220) spinel and (101k4) Al1505 lines; d-values
were also determined but remained essentially constant for each of the peaks in
question. The integrated intensities were also checked against the corresponding
maximum peak heights for each run and were found to be consistent in all cases.

Experimental Findings

X-ray Fvidence of Spinel Formation. Figures 6, 7, 8, and 9 illustrate
changes in integrated intensities as functions of firing time and temperature

hSee Appendix D for analyses.




TEMPERATURE, °C
1500 1335 1198 1085 9835 900 84 758 700

ALUMINA
120 |- (10T4) T
/
1o - ;A \ A .
100 | )
| SPINEL \4 .
90 (220) \ \
v \

>.

— 8o 1

2

w BATCH |

= N\ - BATCH 2 ]

= —-—-~ BATCH 3

———— BATCH 4

< el ]

O SO .

I

&

&G 40

i

|_

Z 30} .
20 | 1
10} -

1 1 1 1 1 1
5 6 7 8 9
| 4
= x 10
T
Figure 6. Temperature dependence of x-ray diffraction

intensities for mixtures of irradiated and
unirradiated alumina and basic magnesium
carbonate calcined for 22 minutes.

21




TEMPERATURE, °C
1500 1335 198 1085 983.5 900 824 758 700

120

o

100 |-

(74
o
Ll

80 |

ALUMINA

SPINEL . /
(220)

>
oy
(2]
Z
e
A —— — — BATCH2 i
= 7 —-—-—BATCH3 -
¢ ———— BATCH4
T 6ol ' ]
o
Q sof -
F A
: A
(D 40 - . 4. B
L i
= HE
< 30l 7N -
I W
H W
20| i
i 7
\‘
1ot -
5 6 7 8 9 10
i x 10%
T
Figure 7. Temperature dependence of x-ray diffraction

intensities for mixtures of irradiated and
unirradiated alumina and basic magnesium
carbonate calcined for 60 minutes.

22




TEMPERATURE, °C
1500 1335 198 1085 983.5 900 824 758 700

ALUMINA
(1014)
120 t+ -
1o | -
100 } .
SPINEL \ |
> 90 (220)
=
N
Z 80| 4
i BATCH |
E ————— BATCH 2
= 1: —-—-—BATCH 3 .
e —— - BATCH 4
<
B_" 60 | =
@
w - -
|._
<{
5
D 4or s
'._
pd
= ol |
20| \ -
Ry
|
10} . _
5 6 7 8 9 10
1 x10?
T J

Figure 8. Temperature dependence of x-ray diffraction
intensities for mixtures of irradiated and
unirradiated alumina and basic magnesium
carbonate calcined for 163 minutes.

23




100 Q=0 BATCH | BOTH IRRADIATED
O= = —<O BATCH 2 Al,03 IRRADIATED
O=—=—x-0 BATCH 3 BMC. IRRADIATED
90 O==-.—0 BATCH 4 NEITHER IRRADIATED

— e e =Ome
. sok &:“‘Q$-.M- “-‘.-—__O} 1500°C

3
]
]

O ,;- e ——
_ U0 — . —sez=B} 1335
60k . \0’-

S

H
o
Y

b 1198°C

INTEGRATED PEAK INTENSITY, SPINEL (220)

w =
20
o 8;_.':‘—-_-—'-—_0 1085°C
= e Ty o> S— ]

0 2% %5 — =

TIME IN MINUTES
ISOTHERMAL CONVERSION TO SPINEL AS A
FUNCTION OF Ln(t) FOR IRRADIATED AND
UNIRRADIATED ALUMINA-BASIC MAGNESIUM
CARBONATE MIXTURES.

Figure 9. Isothermal conversion to spinel as a function
of In (t) for irradiated and unirradiated
alumina - basic magnesium carbonate mixtures.

2




for all four batches. It can be seen that at the shortest time(Figs. 6 and 9)
spinel is not detected below about 1200°C, but that a gradual decrease in alumina
intensity (Fig. 6) begins ds low as about 980°C. At longer firing times (Figs. 7
and 8), the same interrelationship between decreasing alumina and increasing
spinel intensities is noted, but in these cases spinel formation is detectable as
low as 1085°C. At the highest temperature, 1500°C, neither calcination time nor
the irradiation history significantly alter the intensity of the spinel peak as
is clearly shown in Figure 9. No alumina residue is detected at this temperature
and it is apparent that the reaction has been carried essentially to completion,
both in terms of the chemical reaction itself and of the degree of crystalli-
zation of the spinel product. At lower temperatures, the integrated intensity
of spinel is related both to calcination time and to the irradiation history.
Batch 2 containing irradiated AlEO and unirradiated B.M.C. consistently has the
highest integrated intensity. Batéh 3 containing irradiated B.M.C. with unir-
radiated Al,0,, and the control, batch k4 (voth unirradiated), tend to follow

a middle course. Batch 1 containing both species in the irradiated condition
generally shows the lowest integrated values (and lowest peak values as well).
This apparent anomaly will be discussed later.

Differential Thermal Analyses.5 D. T. A. curves of these four raw batches
suggest some substantial differences attributable to irradiation which occur in
the low temperature range, but such thermal effects due to irradiation are
partially obscured by strong endotherms related to the removal of HpO and COp
in the 200°-500°C range. The higher temperature range (to 1350°C) does show

that a characteristic broad exotherm relating to spinel formation (and sample
shrinkage) reaches its peak at a considerably lower temperature in the case of
Batch 2 (A1,0, alone irradiated) than in the other cases. Because of the ob-
scuring low témperatureendotherms these curves are not shown. Figure 10 illus-
trates D. T. A. curves of the same batches which had been precalcined to T00°C
in still air for 22 minutes to remove Hy0 and COp. To better illustrate differ-
ences attributable to the irradiation history, the first four curves were made
with Batch 4 (both raw materials unirradiated) serving as the reference material;
The fifth one shows the more normal D. T. A. curve of Batch 4 run against an inert
A150 reference material. The vertical marks on each D. T. A. curve indicate
10003 temperature intervals. All runs were made in Tlowing oxygen at atmospheric
pressure. Three noteworthy events may be seen:

1. The 660°C peak marked (A) in Batches 1 and 3 is not present in
Batches 2 and 4. From Curve 5, it may be concluded that this
apvarent exothermic peak is due to an actual endotherm in the
reference material (Batch 4). Tt is considered to be due to
the removal of either water or COp absorbed from the air by MgO

5Model DTA-12A, Differential Thermal Analysis Apparatus, a product of the
Robert I.. Stone Compeny, Austin, Texas.
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(from B.M.C.) after the 700°C precalcination. The fact that
this particular endotherm occurring in the reference material
was not matched by & corresponding one in the case of the two
batches containing irradiated B.M.C. may be cited as evidence
that irradiation has indeed altered the subsequent thermo-
chemical behavior of the magnesia material, although the spe-
cific changes have not yet been identified.

2. The 565°C exotherm marked (B) in Batch 2 is essentially unique
(shows very weakly in Batch 1) and does not correspond to a
thermal effect in the reference material (Batch L).

3. The sharp uptrend in Batch 2 at the point marked (¢) corresponds
closely in temperature (®21050°C) with the initial detection
of spinel by X-ray; only Batch 2, containing irradiated alumina
alone, shows this exothermic trend as evidence of spinel for-
mation (and more rapid sintering) at so low a temperature. It
may be argued that these data lend additional support to the
premise that neutron irradiation of alumina, by introducing
anion vacancies into the structure in addition to probable
cation displacements), might alter the kinetics of subsequent
processes which depend on vacancy-controlled bulk diffusion
processes. In this light, it is suggested that the exotherm
at (B) is related to a release of energy stored in the alumina
by irradiation- possibly by "reoxidation" of anion vacancies
in this pure Oo atmosphere- and that the unique uptrend at (C)
is due to an enhanced rate of spinel formation attributable to
the irradiation of a.A1203 - possibly due to a relatively
greater gbundance of favorable spinel growth sites which were
formed over the temperature interval from a2 7000 to =2 lOSOOC.

In order to more clearly delineate the influence of the irradiation of
alumina on the spinel reaction, additional differential thermal analyses were run
on Batch 2 (irradiated Alaoq and unirradiated B.M.C.) again using the unirradiated
Batch b as a reference material. As before, the materials were precalcined at
700°C in still air but for 6C rather than 22 minutes as in the previous group.
Runs were made in flowing oxygen and in flowing argon at atmospheric pressure.

The resulting curves are shown in Figure 11. As would be expected Curve 6 is
almost identical to Curve 2 of Figure 10, except that the peak at (B) of Curve 6
is much weaker than in Curve 5 likely due to the longer precalcining time. On
the other hand the curve for the sample heated in argon has several notable
differences. The cause of the complex at (E) on the argon curve is presently
unexplained but appears to be of little moment to this discussion. It is signifi-
cant that the exothermic peak (B) of Curve 6 (in oxygen) does not appear in Curve
7 (in argon). Tt is believed that this lack of an exotherm at (B) in an argon
atmosphere is valid evidence of a "reoxidation" of the irradiated alumina when it
was heated in an oxygen atmosphere. The exothermic peak (F) at about 975°C shown
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in Curve 7 (in argon) is thought to be caused by the release of energy associated
with the conversion of the metastable two phase magnesia-alumina mixture to the
thermodynamically stable MgAloOy. In the absence of oxygen the anion vacancies
resulting from irradiation would be preserved, maintaining the alumina structure
in a higher than normal energy state until a temperature is reached vwhich is
sufficiently high for the formation of spinel to begin. Once initiated, spinel
formation should proceed quite rapidly, i.e., if the alumina retains anion
vacancies up to spinel formation temperatures the augmented mobility of the
alumina structure would greatly enhance the rate of spinel formation. This view
is strongly supported by the sharp exotherm at F in argon (Curve 7), unmatched

in any of the oxygen runs. As a further confirmation of this interpretation,
x-ray analyses of the two D. T. A. samples (Curves 6 and 7, Fig. 11) which had
been heated to 1100°C (at 10°/min:) during the D. T. A. runs showed significantly
stronger spinel intensities for the material heated in argon.

The exotherm at (D) on Curve 6 (also Curves 1-4 of Fig. 10) is thought to
indicate a phase change in the palladium specimen container associated with the
presence of oxygen. It is in no way related to the spinel reaction being studied.

Interpretation of Results

Any interpretation of the experimental results must take into account these
points:

1. Irradiation of BMC apparently causes its breskdown at a lower
than normal temperature and leaves the MgO residue, after a
T700°C precalcination, in & more stable, less reactive state
than is normally the case at the temperature at which spinel
begins to form;

2. irradiation of a-Alo0, apparently stores up excess energy
within the material, at least some of which is retained after
a T00°C still air precalcination, but is released at about
565°C in pure oxygen; and

3. Batch 1, containing both Al503 and BMC in the irradiated
condition, is consistently less reactive under any given
time-temperature condition than any of the others, even
though it contains the same "active" irradiated Al,0; that
presumably accounts for the consistently highest reac¢tion
rate (Batch 2).




| The contrasts between Batch 1 and Batch 2 may be tentatively explained in
terms of the relative cation mobilities in a-A1203_and MgO:

(2) it is generally thought that spinel forms on the alumina
surface, and that the reaction rate will be dependent on
the diffusion rate of the slower moving cation, probably

Fhass ;

(b) when A1503 is irradiated, the A1**™* mobility should be
temporarily increased (at temperatures below which irradi-
ation damege is annealed out), the spinel formation rate
should correspondingly increase, as shown by comparing
Batch 2 with Batch 4; '

(c) when BMC is irradiated, the metastable MgO residue remaining
above & 500°C is apparently in a lower energy state than
normal, as evidenced by its lowered sensitivity to
rehydration and/or CO, adsorption. The effective rate of
spinel formation might not be greatly altered, howevegg
since the reaction rate would still be dependent on Al +t
mobility in the normal, unirradiated alumina component. -

This view is borne out by the similarity in x-ray in-

tensities between Batch 3 (BMC irradiated) and Batch 4

(neither component irradiated); and

(d) when both species are irradiated, interaction effects
also must be considered which might either enhance or
suppress the effects noted in the cases above. D. T. A.
curves of raw batches (not illustrated) show some un-
usual but as yet unresolved effects for Batch 1 in the
400-500°C -range which are not reflected in the other
batches; it is possible (but not proven) that in this
case the irradiation-induced damage may be largely
dissipated- even in the alumina- at a temperature below
the threshold for spinel formation.

Levy (1961) has shown that color center activity in neutron-irradiated
A1203 (sapphire) is destroyed by annealing at temperatures above 2 T90°C, and
Choi; et al. (1961) have shown that annealing at 1500°C restores the micro-
hardness of irradiated sapvhire to its pre-irradiation level. Spinel formation
begins & 7C0°C, and is an irreversible process. Spinel formation thus is
underway before thermal annealing completely removes the irradiation-induced
vacancies. It is probable that the first spinel formed is both widely dispersed
and of very small size, i.e., in the early stages this may be considered as a
nucleation process. If irradiation enhances spinel formation during this critical
stage, vroducing either larger numbers of spinel nuclei or more stable ones, then
more rapid growth rates (as compared with unirradiated material) should continue,
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even into temperature ranges where the irradiation-induced mobility can no longer
be a factor in further spinel formation. This view seems consistent with these
data, and with the basic concepts of reaction sintering.

Summary

The raw meterial irradiation experiments strongly suggest that anion
vacancies (as earlier defined) have a gronounced effect on the rate of spinel
formation and that diffusion of the Al ++  jons controls the reaction rate in
the temperature ranges studied. In view of the rather unexpected and not alto-
gether explained behavior of Batch 1 which was formulated from all irradiated
materials, additional quantitative studies are needed. Such experiments using
purer materials and more refined techniques are being planned to resolve these
anomolies prior to a projected publication of these findings.
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VI. CRYSTAL GROWTH

Theoretical Considerations

Theories of the growth of crystals from vapors and solutions have been docu-
mented by Verma (1953) and Chalmers (1955). Chalmers also presented a compre-
hensive treatment of the theoretical aspects of crystal growth from the melt.

The review which follows is taken primarily from Chalmer's paper.

Nucleation. The criterion for spontaneous nucleation of a new layer upon a
"perfect" layer of atoms is that the density of atoms coming in contact with the
surface be sufficient for the probability of the aggregation of a critical sized
group of atoms to be high. The factors which affect this probability are:

j—t

The size of the critical group.

2. The rate of arrival of the atoms at the surface.

3. The average time of stay of an atom between arrival and departure.
From this it is clear that spontaneous surface nucleation should be extremely easy
to create in growth from the melt. In crystal growth from the melt the role of
- the dislocation as a nucleation site can be eliminated; however, if dislocations
- were present they would be expected to enhance the rate of crystal growth. Even
if dislocations are not necessary for crystal growth from the melt, they are
invariably found upon examination of the crystal after growth.

Defects. Examination of the crystal after growth shows three types of
defects:

1. Vacancies
2. Dislocations

3. Lineages; segments misoriented by less than one degree (also called
sub-grain boundaries).

The order of formation of these defects in a crystal grown at a definite rate is
believed to be the formation of vacancies (dictated by the thermodynamics of the
system) which then coalesce and collapse, forming dislocations, which agglomerate
and form the lineage structure. Two other methods by which vacancies can be
€liminated in the crystals are the attachment to a dislocation forming a Jjog and
the formation of cavities inside the crystal.
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Another mechanism by which dislocations can be formed during growth is one
in which stacking faults are involved. A material in which stacking faults are
relatively stable thermodynamically will have two possible sites at which the
atom will fit. One site corresponds to the stacking fault site. It is obvious
that newly deposited atoms will be more likely to adhere to the normal sites
rather than the stacking fault sites; nevertheless, the probability is high
that some small number of these are formed during growth. Since crystal growth
from the melt appears to be a lateral growth of steps, it is possible for the
faulted region to become of considerable size. Other layers deposited would
perpetuate the error and would produce a region surrounded by a stacking fault.
An outward movement of the atoms in the faulted region would produce a disc of
vacancies which, upon collapsing, would form a half loop of an edge dislocation.

The mobility of the dislocations in their own slip planes is appreciable in
the temperature range necessary for crystal growth, and the dislocatiors apparently
undergo considerable thermal movement since they arrange themselves in stable
arrays (1ineages) when a sufficient quantity of them have been formed. These
arrays are the minimum energy structures that the dislocations can have since
dislocations are not thermodynamically stable structures.

Effects of Impurities. In the context of this discussion it should be kept
in mind that excess alumina is considered as an impurity in spinel. As would be
expected, the impurity nearly always has different solubilities in the solid and
the liquid at the same temperature. This difference is usually one of a higher
solubility in the liquid form. As a result, a concentration gradient is
established during cgystal growth; and, consequently, the erystal is not of
uniform composition.® This composition gradient, regardless of how smell it is,
will cause a gradual change in the lattice parameter. Frank (1952) discussed the
possibility of the introduction of dislocations by this change in the lattice
parameter. .

Chalmers (1955) discussed the consequences of the fact that the interface
advanced at a temperature below that of the freezing point of the bulk liquid.
This occurred because the "pile-up" of the solute ahead of the interface increased
the concentration and consequently lowered the melting point in this region. When
this happened it was possible for some of the liquid ahead of the interface to be
supercooled even though freezing took place readily at the interface without
appreciable supercooling. If the extent of this supercooling was limited, then
each region that grew in advance of the rest remained thin and many regions were
formed. These many regions formed what was called a cellular structure.

6This factor should be minimized in the case of flame fusion, since the
layer of molten liquid is ideally quite shallow, and is being constantly re-
plenished by feed material of presumably constant composition. See Rudness and
Kebler (1960) and Bauer, et al. (1950).
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In many cases the formation of this cellular structure resulted in the segregation
of the impurities to the walls of the cells. It has been demonstrated by Stewart,
et al. (1951) that the cellular structure can be suppressed during growth by
ﬁaintaining a temperature gradient sufficiently high so that there is no region
of overlap. :

Brief History of Spinel Crystal Growth

Synthetic spinels have been commercially produced for many years, e.g., in
the U. S. A. by the Linde Company, a division of Union Carbide Corporation, and
in Germany by the Bitterfeld Works of I. G. Farbenindustrie. Only nonstoichio-
metric spinels have been marketed, although some scientific laboratories have
been able to grow (by various adaptations of the flame fusion process)stoichio-
metric MgAlzoh boules which broke into small pieces (useful only for some research
studies) either during growth or in the subsequent cooling (Rinne, 1928;
Jagodzinski and Saalfeld, 1957; Wickersheim and Lefever, 1960). These observations
have also been confirmed by'Harshaw,7 as well as in oxyhydrogen crystal growth
experiments carried out to date in this investigation. Lefever8 has reported the
successful growth and cooling of stoichiometric spinel boules in a flame fusion
device by an as yet undisclosed procedure.

The Verneuil Technique

Definition of the Problem. Verneuil (1903) resolved the problem of producin
artificial gems” by a flame fusion method to that of satisfying the three
following conditions:

1. Maintain the molten product in one constant region of the flame
(i.e., at a constant temperature Jjust above the melting point).

7ﬁarshaw, Stanley, Raytheon Corporation, Waltham, Mass. Personal commni-
cation, 1962.

8Lefever, R. A., General Telephone and Flectronics Laboratories, Inc.,
Palo Alto, Calif. Personal. conrunication, 1962.

9V'erneuil concentrated on ruby and sapphire gens (both G-A1203) and,
certainly, most of the crystals grown by flame fusion since then have also been
of the sapphire type, rather than spinel. Tt is important to note that, other
than the obvious ones due to differences in crystal structure, there are only
minor changes in the way these two materials physically respond to the process
variables. The differences observed in growth behavior are likely to be of
physical-chemical character rather than a direct consequence of the thermal and
mechanical parameters of the apparatus. The extensive knowledge of sapphire
growth is in general applicable to the case of growing the more complex spinel
crystals. :
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- 2. Introduce the growth of superposed layers upward in order to
realize the refining of a series of shallow layers (i.e., to
prevent nucleation of polycrystalline growth).

3. Obtain the fusion within conditions such that the contact of
the molten product with the support is reduced to an extremely
small surface (i.e., to reduce the growing surfece initially
to one singly oriented grain).

Original Flame-Fusion Apparatus. To satisfy the first condition Verneuil
used a oxyhydrogen blowpipe made of brass, mounted verticaliy ebove a refractory
support. The refractory support was mounted on a base which could be lowered or
raised by a fine-threaded screw so that the crystal could be built up slowly by
meintaining the molten product in one constant region of the flame. '

A "sifting" process was used to fulfill the second condition. The feed
material, fine-grained alumina powder, was placed in a small gauge screen sus-
pended in an oxygen-pressurized chamber connected directly to the center tube of
the blowpipe, and was fed into the oxygen stream and thus into the flame by the
vibratory action of a small mechanically-activated hammer which periodically tapped
the rod supporting the screen. The fine alumina particles were thus distributed
in all parts of the flame where they became molten upon reaching the portion of
the fleme which is hot enough to melt the alumina (&2 2040°C). ' '

Verneuil met the third condition by hesting the refractory support to &
temperature slightly below the melting point for alumina, such that only the
grains which fell on the refractory tip agglomerated to form a cone which grew
until it finally reached a portion of the flame hot enough to melt the tip of the
cone. At this point the boule began to grow, and all the particles of feed ma-
terial falling on it were molten.

The diameter of the boule was then increased in proportion as it reached a
hotter and larger zone of the flame. When a spherical shape was achieved, the
diameter of the boule was then increased by progressively increasing the oxygen
flow. Since the hydrogen was admitted in excess at the beginning of fusion, the
increase in the flow of oxygen displaced the proper zone of fusion making it
necessary to move the support (carrying the growing boule) to properly maintain
its molten top within the zone of fusion. When the boule had achieved a size of
12 to 15 carats, Verneuil quickly shut off the gases, quenching the boule.

Verneuil's perceptive analysis of the problems involved, and his solution
of them in terms of apparatus and procedure, and the more recent and very detailed
analysis of Russian crystal growth technology (Popov, 1959) stand as major land-
marks in the literature of the practical art of crystal growth by flame fusion.

Analysis of Limitations. For sixty years, the Verneuil method has been used
extensively in experimental and commercial crystal growing practice. Other than
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mechanical modifications directed at means of producing a more uniform feed of
material, automating for efficient production, or increasing the size of crystals
produced, there have been but few significant technical improvements in the basiec
flame fusion apparatus. Thus present day commercial crystals of sapphire or
spinel do not differ greatly in terms of purity and freedom from structural
defects from those which were (or could have been) grown with Verneuil's original
equipment,

The traditional apparatus employed for flame fusion crystal growth is open
to criticism in terms of its contributions to the impurities and imperfections of
its product on at least three counts:

1. It serves as a source of cation impurities, particularly those
abraded, oxidized, or scaled from its metallic components; such
impurities are likely to be kept "active" within the hot wall
furnace where vapor transport is a significant factor.

2. It usually operates in a cyclic (and hence inconstant) fashion,
in which a pulsed flow of feed material (caused by the tapping
device) periodically alters not only the temperature and thickness
of the melt at the growth face, but also the flame conditions and
the heat transfer conditions within the furnace. The combined
action of these rapidly varying conditions is thought to make a
significant contribution to the high population and erratic
distribution of various crystalline defects found in such
crystals (Palmour and Kriegel, 1961; Sheuplein and Gibbs s 1960).

3. It generates an “active™ atmosphere, one which ideally contains
only water vapor, but almost always containing either excess
oxygen or hydrogen., Thus the flame atmosphere mst be regarded
as an active source of anion impurities; Ho0 or OH™ has been
detected by infrared spectroscopy in flame-grown spinel crystals
(Wickersheim and Lefever, 1960).

Recent Modifications of the Verneuil Method., Three significant modifications
of the Verneu echnique dealing specifica with the last of the three problems
outlined above, i.e., the atmosphere, have evolved in recent years, The tri-cone
(0p-Hp-0p) burner (See Bauer et al., 1950; Lefever and Clark, 1962) provided for
more efficient combustion and a bPetter range of controlled flame stoichiometry,
making practical the growth of single crystals of rutile (Ti0o) and other easily
reduced oxides. Lefever and Clark (1962) recently have developed a three-gas
torch (Op-Hpo=05) of quite different design which is reported to yield even
higher working temperatures and a uniform, sharply oxidizing flame,

De La Rue and Halden(1960) introduced a flameless form of the Verneuil process

in which heat was supplied to the growing crystal by arc-imaging techniques. The
growing crystal was completely isolated within a transparent glass envelope, i.e.y
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a cold wall furnace, and any atmospheric environment could be selected.
Unfortunately, the crystals of sapphire.and spinel of interest in this investi-
gation are highly transparent to infrared, and thus cannot be readily melted by

the arc-imaging method.

. The invention of the R. F. plasma torch of Reed (196la, 1961b, 1962) has

opened up still wider possibilities for crystal growth, since any material can be
melted and vaporized within its % 15,000°C plasma "Mame." Although other plasma
sources had been employed somewhat earlier for growth of refractory metal and
oxide crystals (other plasma sources have been reviewed by Field, 1961 and Field
and Bauer, 1961), Reed's R. F. plasma appears uniquely suited for oxide crystal
work in being electrodeless, effectively noncontaminating, and capable of oper-
ating at very high temperatures over a wide range of atmospheric conditions,
including oxidizing ones.

Alternative Methods

. Possible alternatives to flame fusion in its various modifications as a means
of growing spinel single crystals include the hydrothermal technique of Laudise
and Ballman (1958) and the "pulling" of a crystal from the melt by the Czochralski
(1917) technique. Laudise and Ballman found that for the systems NaOH-Hp0-Al503
'vand'Na2002—H20-A1203 pressures generally in excess of 30,000 psi and temperatures
of the order of 4300C were required for the synthesis of sapphire. The growth
rates were low (0.002 to 0.010 inches per day) and high levels of impurities (of
sodium and container materials) seemed certain. Applications of the Czochralski
technique to the spinel case appear to be limited by the requirement for an
electrically conductive and refractory crucible capable of operating in an oxi-
dizing atmosphere at temperatures above 20000C while remaining inert to molten
spinel.

Experimental Equipment

The shortcomings of the traditional Verneuil furnace for the growing of
acceptable crystals for research purposes have been stated in an earlier section,
i.e., (1) introduction or recirculation of cation impurities, (2) erratic or
pulsating material flow and (3) an unavoidable "active" atmosphere. In order to
overcome these objections two new crystal furnaces have been designed for use in
the experimental phases of this program. The first, an oxyhydrogen erystal grower,
was designed to investigate means of overcoming the first two sources of difficulty
and the second, an R. F. plasma crystal grower, has the possibility of overcoming
all three.

Oxyhydrogen Crystal Grower. For the research purposes intended here, the
design and construction of the first crystal grower has been a straightforward
matter, except for the three most critical components, i.e., the feed handling
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system, the torch, and the furnace. These units and some specific objectives
inherent in their design are summarized below.

A device for smoothly introducing feed material was developed based on a
small Syntron vibratory parts feeder.tO The drive unit, mounted in an inverted
position on the 1id of a pressurized aluminum conical hopper, energizes a modified
Syntron helical feed bowl suspended on an extension shaft within the pressurized
hopper, as illustrated in Figure 12. Tt continuously feeds material, at an easily
adjusted rate, up the helical groove from the central "reservoir" of the Syntron
bowl to the exit gates at the lip, from which the fine particles drop into the
oxygen stream, moving through the torch and thence to the growing crystal. This
feed system was developed with two specific objectives in mind. The first was to
provide an electro-mechanical handling system which would not contribute cation
contaminants to the feed material through abrasive action. As the criteria for
materials purity advence to more stringent levels in this program, such a system
can be "cleaned up" in at least two ways, i.e., by meking the components from, or
coating them with, non-contaminating metal of ultra-high purity (99.5 + % aluminum
in the present unit) or by coating interior surfaces with a low-friction, wear-
resistant and non-contaminating surfacing material like Teflon (the procedure
being followed in the feeder for the R. F. plasma unit now under construction).
The second objective, continuous feeding over a wide range of feed rates, is
predicated on the view that the intermittent feed traditionally used in commercial
crystal growing operations is partially responsible for many of the defects found
in commercial single crystals. In commercial operations sporadic feeding is
probably warranted due to the increase in the rate of growth which may be achieved.
However, for research studies, where crystals having a minimum of random growth
defects are necessary if statistically valid data on structure-sensitive proper-
ties are to be obtained, a smooth and continuous flow of clean feed material to
the crystal is regarded as a necessary experimental condition.

Oxygen (bearing the Teed material) moves downward from the feeder through a
Swagelok-sealed, semi-rigid plastic tube extending into the torch almost to the
burner tip, as illustrated in Figure 13. The axially drilled aluminum torch body
serves as an extension of the oxygen feedpipe and is fitted with interchangable
high purity alumina torch tips of different bore sizes. The hydrogen fuel is
introduced from the upper plenum chamber through eight drilled passages into the
lower plenum chamber, and thence through an orifice-adjusting sleeve threaded onto
the torch body, finally mixing with oxygen within and beyond the high purity
alumina torch nozzle. Adjustment of the sleeve alters the hydrogen velocity for
a given flow rate as a function of the spacing of the annular orifice at the 60°-
tapered "needle valve" section between the concentrically ground alumina nozzle

lQModel EB-00, a product of the Syntron Company, Homer City, Pennsylvania.
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Figure 12. Pressurized material feeder for crystal. growth.
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Figure 13. Arrangement for crystal growing with the oxyhydrogen heat source.
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and tipll so that the degree of turbulent mixing of hydrogen and oxygen may be
selectively controlled. The torch body is fitted with an "O" ring-sealed water
jacket to dissipate heat picked up by the torch from the combustion gases, the hot
furnace, and the growing crystal.

»

" Control of the heat output, flame pattern, and flame stoichiometry can be
established in these ways: (&) flow rates of oxygen and hydrogen may be varied
over wide limits, altering both heat flux and flame stoichiometry, while main-
taining a stable flame and a controlled flow of feed material, (b) the orifice
may be adjusted to alter the mixing of the combustion gases, thereby changing the
relative size and height of the effective crystal-growing zone, and (c) the '
alumina ceramic nozzles and tips having different bore diameters may be exchanged
to alter the flame cross section and the maxiﬁum available heat flux.

The apparatus incorporates two furnace options. - A conventional hot-wall
furnace constructed from insulating alumina brick has been employed in much of
. the work to date. This furnace, pictured in Figure 1k, has a 1.5 inch bore and
most favorable growth conditions in it have been obtained when the molten growth
_face is about seven inches below the torch nozzle. The furnace and its supports
are normally wrapped with insulating miltiple layers of heavy duty gluminum foil
to eliminate stray drafts and pickup of oxidized and vaporized impurities. This
figure also illustrates several other parts of the apparatus including the feeder;
the torch; gas, water and electrical controls; and the crystal rotator and with-
drawing mechanism. - o S '

One means of improving the purity of a growing crystal is to lower the vapor
pressure of gas-borne extraneous impurities. This approach has been investigated
with a cold wall furnace for the crystal grower, following the principle that a
cold surface will trap rather than emit unwanted impurities. This water cooled
furnace with a two inch bore, illustrated in Figure 15, is constructed of aluminum
in & double walled configuraticn. It is so efficient in terms of heat transfer

that condensation will occur on its inner wall less than one inch away from an
gincandescent'growing crystal unless hot water is used as the coolant.

R. F. Plasma Crystél Grdwer.l2 Later phases of this investigation will make
extensive use of an R. F. plasma crystal grower. This unit, designed in this
~ first phase and now under construction, embodies the essential features of Reed's

1:-L‘I‘he nozzle and tip, as well as the seed candles, are fabricated to precise
tolerances from AP-35 (99%) alumina ceramic, a product of the McDanel Refractory
Porcelain Co., Beaver Falls, Pa.

12A special acknowledgement is due Dr. Thomas B. Reed, Lincoln Laboratories
of M. I. T., Lexington, Mass., for i1luminating discussions and most helpful
advice concerning the R. F. plasma torch and its operation.
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Figure 15. Cold-wall furnace for oxyhydrogen crystal grower.
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R. F. plasma torch, along with feed handling and crystal handling mechanisms which
are second-generation devices derived from those already in use on the oxyhydrogen
apparatus. The plasma torch, the load coil, and the approximate position of the
growing crystal are illustrased in Figure 16. The plasma fireball generated by
the R. ¥. rield (& 4 mc) is positioned within and below the plane of the load
coil concentrator, and creates a long tail flame in which extends axially for some
distance below the torch. The vlasma is sustained by argon (which may contain ad-
mixtures of other gases) entering at input 2 and Tlowing down the inner annulus.
The plasma is constricted, shaned, and kept awvay from the fused silica tube walls
by additionael argon (introduced at input 1) flowing with a swirling motion dowm
the narrow outer annulus. ¥eed material suspended in a carrier gas (argon or
argon-active gas mixture) is inlected into the plasma by reans of the small-bore
central “Lube (input 3). Figure 17 shows the vartially completed crystal grower
and its 2.%5-5 me, 10 Kva saturable reactor-controlled power supply. The crystal
grover includes gas controls at the top, electrical and mechanical controls im-
mediately below the front viewport, and cooling water controls on the lover
access panel. Vater-cooled manels equivped with front and side viewports enclose
the entire "hot zone" as protection against the intense light, heat, and electri-
cal hazards of the plasma. Portions of the crystal handling mechanism (providing

rotation, translation, and withdrawal) may be seen inside the lower part of the
structure.

Experimental Procedures

More than a year's cumulative experience with the oxyhydrogen crystal grower
has served to work out apparatus difficulties, to evaluate materials and components,
and above all, to develop skill and Judgement on the part of the operators. Much
of this exploratory work has been done with sapphire rather than spinel, partly
because the sapphire is somewhat easier to grow, and wartly because good feed
material and appropriate seed crystals have been more readily available and far
less costly. The procedures swmarized in this section have been developed to
the point where excellent whole sapphire boules of water-white quality can be
produced in any desired orientation in the hot wall furnace, and where good.
alumina-rich spinel boules can be grown, although not so easily or so reliably.
While satisfactory progress has been made toward growing good crystals in the
cold wall furnace, and toward growing spinel crystals which more nearly approach
stoichiometry, these more difficult tasks (requiring special materials and/or
modified procedures as well as overall proficiency and judgement in crystal
growing methods) have been deferred until other supporting phases of the program
are developed more fully.

Review of Control Variables and Growth Parameters. In crystal growth, there
is much interaction between variables, and most of the important parameters are
difficult to measure other than by indirect means. Consequently it is well to
preface the summary of procedures with a brief review of the available controls
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plasma heat source.
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Arrangement for crystal growing with the R.

Fiéure 16.
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Figure 17. R. F. plasma crystal grower under construction.
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(called experimentel varisbles) and the significant conditions (called parameters)
which govern growth behavior. The operator has control over these independent

experimental varisbles:

Oxygen flow rate (variable over wide range)
Hydrogen flow rate (variable over wide range)
Material feed rate | (verisble over wide range)
Crystal withdrawal rate (variable over wide range)
Rotation of crystal (off-on only, 9 rpﬁ)
?osition of growing boule (manual control)

The "true" parameters in the system, however, probably are these:
| Heat flux
Flame stoichiometry
Flame velocity and uniformity
Temperature and temperature distribution
Boule size and shape
Material feed rate
Withdrawal rate

Of these, only the latter two bear any simple relationship to the control
variables.

These several parameters first must be sensed from the appearance of the
flame, the shape and clarity of the melt, and the shape, size, clarity, and
surface texture of the growing boule. Then they must be resolved in terms of
proper combinations of the experimental variables so that effective regulation
can be achieved.

Loading and Aligning. Prior to light-off of the oxyhydrogen crystal grower,
a number of preliminary steps must be taken. Material rust be placed within the
feeder bowl, and the hopoer closed and sealed. Oxygen and hydrogen sufficient
for an entire run (normally lasting 2-3 hours) must be available at the manifolds
and the delivery pressures must be adjusted to agree with flowmeter calibration
pressures (seven psi for H,, ten psi for 02). An approvriate seed crystal must be
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fitted into the seed candle (a 10 inch long alumina rod precision ground to
achieve concentricity of rotation and drilled to accept 0.090 inch diameter seed
crystals (see footnote 11). Best results have been obtained with seed crystals
vhich project about 2 cm. above the candle. Such crystals do not neck down too
severely, the temperature at the top of the candle remains low enough so that
polyerystalline growths do not form there and climb to interfere with the boule,
and the seed crystal usually does not weld to the candle. The seed-candle as-
serbly must be aligned in the chuck of the crystal rotator so that concentricity
within about 0.005 in. TIR is achieved at the tip of the seed. Obviously, there
rmust be almost perfect axial alignment between flame, seed crystal, and furnace
bore.

Lighting and Warmup. An alcochol-soaked Fiberfrax wick on a wire extention
handle is inserted in the furnace viewport to light the torch while hydrogen is
flowing at a moderate rate. Oxygen is then gradually introduced to obtain a long,
smooth-burning flame which is slightly hydrogen-rich (H2 = 11 liters/min; 0,= 5
liters/min.). The seed and candle are then slowly raised to a level about g inches
below the torch, and after about 15 minutes the refractories attain thermal
equilibrium at a temperature somewhat below that required for melting and growth,
and the fame is quite stable.

Initiating and Mainteining Growth. Following warmup, the gas flow rate is
increased (Hp = 16.8 Iiters/min.; Op = 7.9 liters/min.) to attain normal growth
conditions, and the seed is gradually raised until its tip fuses to form a clrear
rounded melt. The melt is maintained at this level (about T inches below the
torch in the hot wall furnace, and about 6 inches in the cold wall unit) through-
out the growth process.

With the tip of the seed erystal molten, and with the candle and seed
rotating, material feed is begun, slowly at first. An essentially continuous flow
of very fine varticles- small enough to melt before landing on the fused top of
the growing crystal -is required to increase the size of the melt.l3 As the
diameter of the crystal is increased, heavier feed rates are required, and cooper-
ative adjustments of feed and withdrawal rates are necessary to maintain a
vroperly shaved, clear melt at the optimum height with respect to the torch
(Popov, 1959, has analysed in some detail the various shape factors and visual

defects of growing crystals in terms of the process variables responsible for
them).

l3Clear melts and good growing conditions have only been achieved in
hydrogen-rich flames. In part this may reflect incomplete mixing, and hence a
stoichiometry gradient through the flame cross-section. However, it has been
such a characteristic feature under all experimental conditions that one tends to
conclude that an anion deficiency enhances  growth.
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The formation of polycrystalline growths occurring either at the actual
growth face or along the sides of the boule may be the result of any one of
these factors: material feed rate too high; uneven feed deposits; poor alignment;
or rapid temperature changes due either to vertical displacements of the boule or
to changes in heat flux. Polycrystalline material inhibits or totally precludes
further single crystal growth if it occurs on the growth face, and polycrystalline
growths along the sides freguently serve as focal points for the initiation of
fractures during cooling. In general, the diameter of the growing boule must
continue to expand (even though at a very slow rate) to avoid negative slopes
upon which polycrystalline growth is almost certain to occur. Sapphire crystals
can be grown with essentially straight sides under favorable conditions, but &
definite positive slope seems almost essential in the case of spinel.

Quench Cooling. Whole boules of sapphire containing no fractures and few
x-ray evidences of strain have been obtained by a quench cooling procedure, where-
as those annealed slowly have almost always sustained some fracture damage. It
should be pointed out that the annealing experiments to date have been manually
-and fairly crudely- controlled, so that momentarily high thermal gradients could
have occurred.

Termination of a run by quench cooling in the hot wall. furnace includes
these steps:

(a) the flow of feed material is stopped and the crystal is allowed to
equilibrate with the flame still operating under full growth con-
ditions;

(b) during this brief period the viewport is completely closed with
Fiberfrax, and Fiberfrax is progressively placed around the furnace
base until only a small exit for the exhaust gases remains;

(c) then withdrawal and rotation are stopped, the oxygen and hydrogen
are simultaneously cut off, and the furnace exit is quickly and
completely plugged with wiberfrax so that the crystal is protected
from chilling drafts and the furnace heat is conserved. -Under these
conditions the boule will cool safely in about one hour.
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VII. EFFECT OF ATMOSPHERE ON PRECIPITATTION HARDENING

Il ALUMINA-RICH SPINEL

One of the early experimental phases of this study involved the determination
of the azimuthal dependence of Knoop microhardness (Knoop, et al., 1939), and
microbrittleness, on one (100) plane of alumina-rich spinel. Figure 18 clearly
illustrates the inverse relationship between microhardness and microbrittleness,
and the rather asymmetric character of the response (only partly due to tilt
between the actual surface and the true (100) plane) which have been previously
noted in this laboratory in similar microindentation studies of sapphire.
Although there are local variations in behavior, both microhardness and micro-
brittleness tend to be at minima in the <1109 directions, coinciding with traces
of {110} Burgers vectors for slip on {111} planes. These findings are in general
agreement with those reported for spinel by Kronberg (1960) and Hornstra (1960,
1962) and also are comparable with data for azimuthal dependence in sapphire
obtained by Palmour and Kriegel (1961) and Choi, et al. (1961).

Interrelationships between several of the parameters already outlined have
been examined in a thesis by McBrayer (1962) from which the following is
abstracted:

Alumina-rich magnesium aluminate spinel single crystals may
be hardened by proper heat treatment which may be detected by
Knoop microhardness measurements. The change in microhardness
in the [110] and{112] directions on the (111) plane have been
separately expressed in the form of multiple quadratic regressions
in terms of l/T, Int, and ln percent oxygen over the range 7T00-
1%000C, 5-1200 minutes, and 1-50% O> respectively. The re-
gressions show an annealing of the spinel in the temperature
range T00-900°C followed by an increase in the hardness in the
temperature range 900-1400°C. This rehardening vhenomenon appears
to result from the formation and subsequent growth of a-alumina
nuclei.

This increase in hardness may be retafded by increasing
the oxygen partial pressure and is attributed to a decrease in
the number of available oxygen vacancies in the spinel lattice.
The large, closely-packed and relatively sluggish oxygen ions
may be considered as the rate-controlling ions in material
transport processes in svinel. A net decrease in anion vecan-
cies must bring about a consequent slowing-down of diffusion-
controlled processes in spinel such as the exsolution of @-glumina.
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Figore 18, Azimuth dependence of microindentation behavior on (001) of Linde
synthetic spinel rod, as-polished. Each point is average of 10
Knoop indentations (100g), 0.003" apart along the radius, long
axis normal to indicated direction.
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Previous investigators reported a hardening vhenomenon
at lower temperature which was attributed to the formation of
an intermediate phase. This intermediate vhase did not appear
. in this investigation. Yhether the absence of the intermediate
nhase is due to a reletively low A1203:Mgo ratio or a low level
of impurities was not established. '

These findings,ll{L to be the subject of a subsequent technical publication,
are considered encouraging in that the apparently hitherto unreported atmosphere
dependence, influencing both structure and physical properties, clearly intimates
that atrosphere must be considered as a real variable in both growth and defor-
mation processes. In this light, the problem encountered in growing stoichio-
metric crystals by the Verneuil oxyhydrogen method may be thought of as being due
to an unfavorable reaction between the growing crystal and the active water vanor-
hydrogen atmosvhere, becoming more wronounced as the MgO content of the spinel is
inecreased toward 1:1 stoichiometry. If this is the case. then the vroblem may be
relaved to a process variable smecific o the oxyhydrogen flame fusion crystal
growth technique, and not to an inherent instebility of 1:1 sninel itself (note
that nolyerystalline stoichiometric spinel is "well-behaved" and extremely
stable). The wide latitude of oxidizing, neutral, and reducing atmospnheres
indeendently available in the R. F. plasma crystal grover now under construction
will shortly provide an ommortunity to test this hypothesis.

1 . . R .

~"Based on detailed study of more than 2C like-oriented specimens cut from
a single boule grown from Linde AP-393 (3-5:1) spinel boule powder in the oxy-
hydrogen furnace by the procedures deseribed in Section VI.
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VIII. SUMMARY

Yost of the work discussed in Sections II through VI has been directed at
the various problems associated with growing spinel crystals. OSome of these
phases are well advanced, others less so. In general, progress toward the
attainment of those overall project objectives relating to crystal growth is
considered quite satisfactory. Recent successes in the development of dislo- .
cation etch pit techniques for spinel (to be described in a future report) and
the availability of new and/or improved analytical facilities, including emission
svectroscopy for determinations of trace impurities; ultraviolet, visible, and
infrared spectroscopy for optical absorption studies of color centers, etec; and
high temperature x-ray and high temperature microscopy for structure studies
considerably enhance the nrospects for effective treatment of the remaining
nroblems concerned with growth and the characterization of growth-realted defects
during coning months.

Only a few trystals really suitable for deformstion studies have been
available either from commercial sources or from the early crystal growth experi--
ments described above. The microindentation experiments briefly outlined in _
Section VIT thus constitute the first systematic investigations of interrelation-
ships between deformation, structure, and enviromment to be undertaken in this
program. The prospects for future experimentation in strength and deformation
studies have been considerably enhanced by the physical testing experience al-
‘ready gained on a related project\éoncerned with polycrystalline spinel (Contract
DA-01-009-0RD-903), and by the installation of a new high temperature (to 2500°C)
testing facility for the Instron physical testing machine. o

On the basis of these studies still in progress, it is inappropriate to
attempt to reach definitive conclusions. There are, for example, implications
throughout this report that atmospheric environment may be 2 strong factor in
both growth and deformation processes and that this factor in effect operates
by creating an anion-deficient structural state in spinél. But such evidence,
although interesting and thought provoking in regard to further'experiments,
must still be regarded as circumstantial until additional proofs can be obtained.
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APPENDIX A

STRUCTURE AND PHYSICAL PROPERTY
DATA FOR SPINEL

Formal Specification of the Spinel Structure

Space Group. OZ - F3dm (Bragg, 1915; Nishikawa, 1915; International
Tables of X-ray Crystallography, 1952). '

Atomic Positions. (Ewald and Herman, 1926).

8-fold position: 8 metal ions in (a), 000, 1/L 14 1.

16-fold position: 16 metal ions in (d) s 5/8 5/8 5/8;
5/8 7/8 7/8; /8 5/8 1/85 7/8 7/8 5/8.

32-fold position: 32 oxygen ions in (e), uumu; uuu; 1/L-u,
1/4=u, L/h-us 1/h=u, 1/4+u; wua; 14+ 3
1/4+u, 1/4+u, 1/,

With translations: +(000, 0 1/2 1/2, 1/2 0 1/2, 1/2 1/2 o).
A cehter of symmetry exists at each point of the 16-fold positions.,
The unit cell contains 8 formla units or molecules of Hgﬂ.lao « The oxygen
parameter, u, equals 3/8 for the idealized structure, but 1§ 5.387 in the
actual structure (Bacon, 1952)

Lattice Constant.

a, = 8.0833 & at 26°C (Swanson and Fuyat, 1953).
= 8,06 + 0,005 £ for pure spinel (Roy et al., 1953).

= 7.93 2 for limit of solid solution at 86 mol ¥ 1&].203
(Roy et al., 1953).

X-ray Diffraction. Intensities, d-spacings, and indices of diffracting

planes of spinel (from Swanson and Fuyat, 1953) are given on Card No, 5-0672,
X-ray Powder Data File, American Socliety for Testing Materials.
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Physical Coristénts

MgO-Alp03 - Mg0-3.5 AlpO3
Melting Point. \ 21350¢ T 2030°-2060°C 2
) | 3 1
Density. . 3.6 &/ | 3.6 g/ce
Coefficient of Thermal Expansion.
» _ (in. :i.n.fl -C"C"l.)
100°C 6.648.5 x 1076 3
25-800°%C B 76 x108 H
100°-900°C - . 8.9x 100 5
25°-1350°%¢ © 7.9x100 ©

" Coefficient of Thermal Conductivity.

“(cal.sec. ~1c0-Yem. %cm. )

100% . .0357 7
boo'c oo T
800°C = 0159
100°c | .0130 [
Specific Heat. -
20°C | 0. 3
aoke’c B b.élh-o.257 8

lHandbook of Chemistry and Physics (1962).
2Gynthetic Crystal Data Sheet, Linde Air Products Co.
3prchibald and Smith (1953)-

bpiecke and Blicke (1931).

SRigby, et al. (1946).

Sanderson (1952).

TKingery, et al. (1o5k).

Sgalmang (1961).
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Llectrical Properties

Electrical Conductivity (polycrystalline spinel).

Temperacure

e

700

730

800

90C
925
oko
975
985
1000
1035
1059

-

@)
0

et cl

[¢]

1

¢ Constant.

Jander and Stamm

(1931)

.
1.19 x 107°

1.78 x 10

2.38 x 10”

L.00 x 10

v

=

ol
Ul

5.32

Products Co.

n

Conductivity in ohm™* cm.

-1

Roegener

(1940)

2.0 x 10-8

2.0 x 10

5.0 x 107°

Bradburn and Rigby
(1953)

1.58 x 1077

4.00 x 10°7

1.00 x 10~

5.00 x 10~

8 or 9 (Synthetic Crystal Data Sheet, Linde Air




Optical Properties

A o 1
Index of Refraction. 1.727 (589.3 A ng)

1.720-1.717 (on commercial crystal)2

2
1.708 (stoichiometric spinel)

Chromatic Dispersion. 0.012 (nf~n s
c

, o5
6563 to. 4861 A)

-1
"4 T 65

nf—nc

0 ) .
Infrared Transmission at 10,000 A. 85% (5 mm. thickness):2

o 2
Tnerared Limit of Transparency. 53,000 A (30% transmission)

lSynthetic Crystal Data Sheet, Linde Air Products Co.

2.1 ckersheim and Lefever (1960),
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Mechanical Properties

Ultimate Strength in Compression.

Temperature ' Sintered Spinell Hot Pressed Spine12
20°C 270,000 psi 390,000 psi
500 200,000
800 170,000
1100 14C,000
1200 71,000
1400 21,000
1500 8,500
Ultimate Strength in Tension.
Temperature Sintered Spinel3
20°c 19,200
550 13,000
900 10,800
1600 © 6,100
1300 1,140
Outer Fiber Tensile Strength, Transverse Bending.
Temperature Sintered Spinelh Hot Pressed Spin_el5
20°¢ 12,300 psi 33,400 psi
koo 12,200
600 11,900
1000 10,900
1200 9,500
1300 7,900
lRys chkewitsch (1941a). SRyschkewitsch (1941b)
2Palmour, H. and Choi, D. M. )'FAnderson (1952)

unvublished work, 1962. 5Palmour, et al.(19620)
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Ultimate Strength in Torsional Shear.

Temperature
20°C
800
1000
1200

1300

Torsional Creep Rate.

Temperature
1100
1200
1200
1300
1300

Sintered Spinelt

9,450 psi
8,150
75550
6,550
5,250

Applied Stress
1200 psi
1800
2400
1200

1800

Young's Modulus of Flasticity.

Temperature
25°C
800
1000
1100

1500

1l

Anderson (1952)

Sintered Spinel*

3L,45 X 106 psi
32,9 x 106

o

%30,L x 10

o

28:.0 x 10

o

25.0 x 10

o

20.1 x 10

2Palmour et al. (1962b)
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Sintered Spinell

1.36 x 10 C4n, in."tnr,?

6.30 x 10."6

9.25 x 10'6
3
)

150 x 10
263 x 10

Hot Pressed Spinel

25 x 106 psi




Rigidity Modulus, Poisson's Ratio.

Temperature Sintered Spinell
G Vo
25% 13.2 x 10° psi 0.31
800°¢ 11.6 x 10° 0.42
1000°c 10.3 x 10° 0.7
1100°¢ 9.5 x-lo6 C.h7
1206°C 8.5 x 10° 0.47
1300% 7.2 x 10° 0.45

Hardness. 8 on Mohs' scale.

Microhardness. Polished sintered spinel, measured with a square dipmond
oyranid, gave values of 1000 kg/mme. 2 For variation of microhardness with
erystallographic orientation see Section VII of this revport.

Lpnderson (1952).

2ui11 (1932).




APPENDIX B

AATYTICAL PROCEDURES FOR DETERMINATION OF Mg & AND Al +** IN SPINEL

Tt is desirable to know the exact alumina-magnesia mole ratio both before
and after the growth of spinel single crystals. This requires a complete disso-
lution of the sample followed by an accurate chemical analysis for aluminum and
magnesium.

A number of methods for fusion were tried: +the standard sodium carbonate,
sodium bicarbonate, potassium bisulfate, potassium pyrosul.{ate and alkali hy-
droxide suggested by Hillebrand, et al. (1953) and the vhosphoric acid + sul-
furic acid mixture of Mendlina, et al. (1959). Potassium bisulfate was most
nearly effective on spinel feed maeterials, but none were successful with crushed
single crystal spinel specimens. Recently, a method which gives a complete
fusion of both spinel feed materials and spinel single crystals has been devised.
The sample is mixed with at least ten times its weight of reagent grade potassium
fluoride in a platinum crucible and enough hydrofluoric acid is added to the
crucible to completely cover the mixture. Then its contents are heated to
dryness over a low Bunsen flame, taking particular care to avoid spattering.
Thereafter, the crucible and its contents are placed in a furnace at about SOOOC
and meintained at this temperature for one-half hour. After cooling, the
conterts are washed into a vnolypropylene beaker with distilled water, and concen-
trated hydrochloric acid is added to this solution until it becomes clear.

t should be particularly noted that solutions containing fluoride ion and/or
hydrofluoric acid in high concentrations attack glass, requiring the use of plastic
laboratory ware in the procedures described here. In addition, the presence of
fluoride causes difficulties with analyses carried out at high pH values, since
it promotes the partial precipitation of magnesium fluoride during the determi-
nation. TFor these reasons, the possibility of distilling off hydrofluoric acid
by adding sulfuric acid to the solution obtained from fusion and boiling is the
subject of a current investigation.

Yhile an effective method of fusion has been under investigation, a search
also has been underway for a reliable method of separating aluminum from mag-
nesium in solutions carrjying known (large) amounts of reagent grade aluminum
and magnesiunm salts.

Since aluminum precipitates as aluminum hydroxide between pH 3 and pH 12,

it is more adventageous to carry out the aluminum analysis first. Eight-hy-
droxyquinoline and ammonium hydroxide precipitations were tried for aluminum
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analysis (Kolthoff, et al., 1953). Both methods gave accurate and quite repro-
ducible results. The filtrate left from aluminum precipitation was used to
determine the amount of magnesiun. For magnesium determination, both EDTA
(disodium salt of ethylene diamine tetra-acetic acid) titration and pyrophosphate
precivitation were used. The filtrates obtained from armonium hydroxide precipi-
tation for aluminum gave good and reproducible results for magnesium with both
EDTA titration (Schwarzenbach, 1955) and pyrophosphate precipitation (Kolthoff,
et al., 1553). The filtrates obtained from eight-hydroxyquinoline precipitation
of alunirum gave accurate and reproducible results vhen analyzed for magnesium
by using pyrophosphate precivitation. However, EDTA titration did not give good
results for magnesium in the filtrates left from eight-hydroxyquinoline precipi-
tation. Consequently, filtrates containing eight-hydroxyquinoline were heated
to drymess to drive off eight-hydroxyquinoline, but the nagnesium content de-
termined by EDTA titration was lov.




APPENDIX C

SI,TP CASTTHG OF SPINEL AND ALUMIEA CRUCIBLES

A technique for slip casting small alumina crucibles (2% in. high by 1 in.
diameter at top) and their lids has been in use for several years at this labo-
ratory. The slip is prepared by milling Alcoa A-1k alwrrina with 45% water and
1.5% Dervan Ho. 71 for 48 hours in a McDanel 96% Als0, jar mill. Casting
requires about 3 minutes in Puritan pottery vlaster molds, with releese oc-
curring in about 15-20 minutes. The well-dried cast pieces are fired to about

1850°C for 30 minutes in a small oxy-acetylene fueled Turnace.

Spinel crucibles oi the seme small size were successfully slip cast using
this technigue without any particular difficulty, and sintered at 1850°C to
approxinmately 93% theoretical density. However, the much larger spinel cruci-
bies needed as non-contaminating containers in which high purity spinel feed
materials could be calcined in substantial quantity were cast only after
making several changes in the basic rrocedure. The modified technique, while
partially successful (useful crucibles were produced, but with considerable
difficulty), was not considered fully reproducible because of variations in
raw meterials, particle sizes, and aging effects in the prepared slip.

Perhavs the most serious vprcblem was the extreme fragility of the relatively
thin-walled cast piece, & in. diameter by 8% in. high prior to firing.

Purthermore, the large cuantities of slip required for casting such a
shave required the production of multiple batches ol svinel (by calcination
of alumina and basic magnesium carbonate in a gas-rired furnace to 1450°C).
Because of the high costs of producing this material without suiteble cal-
cining crucibles, and the lack of control of sliv made from such multiple
lots, additional slip casving experiments to improve the nrocessing of large
crucibles were carried out with commercially avaiizble alumina, since tech-
nioues appropriate for large elumina crucibles should prove to be readily
transferable to svinel as well.

After considerable experimentation, satisfactory alumina crucibles
(5-1/8 in. diameter by 7-1/2 in high after firing) were produced by the

lDarvan No. 7, a polyelectrolyte deflocculent, is a product of the
R. T. Vanderbilt Company, New York, N. Y.
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following method:
1. The slip was prevared using 30% water and 1% Darvan based on the dry
weight of the Alcoa A-14 alumina used in the batch. Magnesium fluoride
(0.25 weight percent) was also added to facilitate grain size control
and improved firing behavior of the alumina body.

2. Milling was done under optimum conditions (1.5 kg. of alumina, b4 kg
grinding media, 25% water) for 24 hours in a one gallon capacity
licDanel 96% alumina jar mill.

3. After milling, 1/4< PVA (polyvinyl alcohol) in solution was added to
the slip, bringing the total water content up to 30% (based on dry
weight of alumina used). The small amount of froth formed by mixing
the PVA solution with the slip was easily removed by adding a few drops
of octyl alcohol-ether solution to the sliv.

b, The slip was poured into plaster molds and allowved to cast five
ninutes to obtain a 1/k inch wall thickness.2 The draining of the
nold was very critical, requiring a smooth, uniform motion to avoid
erosion of the casting.

5. The cast pieces were allowed to air-dry in the mold for 2k hours, then
they were carefully dried in a controlled humidity drier (100°F dry
bulb, 95°F wet bulb initial conditions) over a veriod of 3 to L days.

N

. The dry crucibles were fired to 1700-1750°C in a gas fired furnace in
about seven hours yielding good, well metured crucibles 7-1/2 inches
high by 5-1/8" ocutside diameter. Some "sagger drag" and distortion of
the lids, which served as setters for the inverted crucibles, was
attributed to the rapidity of firing in this manually controlled
furnace.

At vresent, the alumina crucibles described above are being employed without
evidence of difficulty at temperatures up to 1450°C for caleination of spinel
materials required in other phases of the program. In the future, the improved
casting techniques developed for the large alumina crucibles will be brought to
bear again on the matter of spinel crucibles for use where extreme purity during
calcination is indicated.

2(The molds had been formed on smooth-surfaced metal nmandrels, using 65%
water-vlaster slurry based on dry weight of the Puritan pottery plaster).
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APPENDIX D

MATERTAL ANALYSES

Chemical Analyses of Raw laterials

Basic lasmesium Carbonate, U.

5. P. Grade.

The Phillip Carey Menufacturing Company

Pl:mouth Meeting, Pa.

Chemical formula: 3 MgCO3' Mg(OH)E- 3Hé0

Component

Megnesium Oxide (1g0)

Tron (Fe)
Calcium Oxide (CaO)
Chlorides (C1)

Moisture

Soluble salts

Alumina, .Alcoa A-1l Grade.

*
Weight Percent

42,3
0.015
0.50

Com
1.50 .
.20

Aluminum Company of America

Pittsburgh 19, Pa.

Chemical Formula: A1203

Weight Percent”

Component

A1,04 99.6
810, 0.12
Fe0, 0.03
12,50 0.04
Loss of Ignition (1100°C) 0.2
Tcetal Hy0 (by Sorption-Ignition Test ) 0.3

“lenufacturer's typical analysis.

65




Semiguaentitative Spectrographic Analyses of Feed Materials

for Crystal Growtht

Tmpurity Approximate impurity content in parts per million
N. C. State
Linde Spinel Stoichiometric Linde Sapphire
Boule Powder? Spinel3 Boule Powderﬁ
Fe 100 : 500 10
B 50 100 500
Si 50 1000 . 1000
Pb 1000 500 500
Mo 50
T4 100 50
Ca 50 500 10
Cu 1 >
Cr 10
Ba 10 500 10
Mg 500

lAnalyses by Dr. G. G. Long, Chemistry Dept., N. C. State College.

2AP393 Spinel Boule Powder, a product of Linde Air Products Co.,

A Division of Union Carbide Corp., New York, N. Y.

3Prepared by calcination at 1450°C of equal molar ratios of Linde's
alumina boule powder and basic magnesium carbonate (see Section IV, p. 18).

l+A product of Linde Air Products Company, A Division of Union Carbide
Corp., New York, N. Y.
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